In recent years, formation of gas hydrate has been considered as a suitable method for brine water desalination. In this study, for saline produced water treatment, design of experiment with two factors, the type of gas and electrical conductivity of initial brine solution (EC 0 ) as a measure of salinity, were applied and removal efficiencies were analyzed. For this purpose, two different hydrate formers, CO 2 and natural gas (NG) were separately mixed with different produced water samples.
INTRODUCTION
Desalination is a process that removes dissolved minerals from saline wastewater for sustainable water management in some areas of the world (Mitchell et al. ; Radcliffe ) . Produced or flow back water is saline wastewater brought to the surface during gas and oil production or CO 2 sequestration operation in gas and oil fields (Viel et al. ) . Produced water (PW) associated with oil production generally contains liquid and gaseous hydrocarbons. Also PW contains a large range of organic compounds and dissolved salts, such as mineral ions, dispersed oil, grease, organics, heavy metals, and other different contaminants (Abousnina et al. ) . In areas with hard water, management of PW is highly important as it can play a fundamental role for environmental issues via safe and useful reuse or suitable discharge.
The most commercially significant technologies for desalination are based on distillation, membrane, and reverse osmosis (RO) processes (Khawaji et al. ) . Distillation is a popular method, but it is quite expensive because it requires a large amount of phase transition energy, that is the heat of vaporization of water. The application of RO in reuse of municipal wastewater effluent has dramatically increased over the past decade and is the most competing process against thermal distillation which uses semi-permeable membranes and pressure to separate salts from water (Zhu et al. ) . Freezing is another attractive method, but is still not widely used commercially (Han et al. ) .
Hydrate as a technology for desalination was developed way back in the 1940s and has gained increased attention from the 1970s until recent years ( of the research in the field of HBD is on seawater, while wastewater produced in oil and gas fields has salinities greater than seawater (Lee & Neff ) . Cha & Seol () used HBD to recover usable water from PW. They introduced cyclopentane (C 5 H 10 ) and cyclohexane (C 6 H 12 ) as secondary hydrate guests so that the operation temperature could be increased. Although C 5 H 10 /C 6 H 12 is nearly immiscible with water, tiny drops may remain in the clean water. In addition, their study was limited to a single PW sample.
It seems that a carefully developed HBD process is required to investigate various factors that affect the removal efficiency. Karamoddin & Varaminian () used R141b as a hydrate former and investigated the effect of initial temperature and concentration of NaCl on removal efficiency. Han et al.
() investigated the HBD process using C 5 H 10 as a hydrate former and effective post-processing operations to improve the competitiveness of the hydrate method for desalination of synthetic seawater. In that research, optimal operation temperature and concentration of C 5 H 10 were obtained from the measured results. Recently, they have applied successive washing treatment with 274.15 and 277.15 K temperature freshwater. In this work different amounts of washing water have been applied and major cations and anions in seawater have been analyzed in each treatment step (Han et al. ) .
Since most of the researchers use CO 2 , light hydrocarbons, or chlorofluorocarbon refrigerants as hydrate former in HBD for seawater, further study on desalination of PW with these and other hydrates forming gases may be useful.
In this work, to determine the relationship between factors affecting HBD process and their removal efficiencies, a design of experiment (DOE) incorporating two factors, type of gas and electrical conductivity of initial brine solution (EC 0 ), has been done to analyze the removal efficiencies.
For this purpose, two hydrate formers, CO 2 and natural gas (NG), were separately mixed with different produced water samples and hydrate formation reactions were carried out.
The reason for using NG instead of methane was its cheaper price and easier accessibility. In addition, NG hydrate is formed at milder conditions than that required for methane.
In this research, the desalination efficiency of the third stage with NG/CO 2 hydrate formation was investigated and, finally, the usable range of initial total dissolved solids (TDS) was discussed in a NG/CO 2 -HBD system.
EXPERIMENTAL Materials
High purity CO 2 (99.99%) and natural gas (NG) with composition as specified in Table 1 were used to form hydrate with produced water. The molar composition of the natural gas components was obtained using gas chromatography.
For synthesized PW, sodium chloride (NaCl; Kimia, >99.5%), potassium chloride (KCl; Merck, >99.5%), calcium carbonate (CaCO 3 ; Merck, >99.5%), calcium chloride (CaCl 2 ; Merck, 98%), magnesium chloride hexahydrate (MgCl 2 ·6H 2 O; Arastoo Chemical Industry, >99.5%), sodium sulfate anhydrous (Na 2 SO 4 ; Merck, 99%), hydrogen chloride (HCl 1N solution, Merck), and xylene (C 8 H 10 ; Merck, 99.8%) were used.
PW samples
To prepare PW synthetic samples, three different PW samples were collected. The first real PW sample was obtained from Asmari reservoir in Shadegan oil field of Khuzestan Province, Iran (31.3273 N 48.6940 E) . The second real sample was taken from Bangestan reservoir in the same oil field and the third one was obtained from oil and gas fields throughout 34 states provided by the U.S. Geological Survey (Cha & Seol ) . Table 2 shows the specifications of the three mentioned prepared samples.
Apparatus
The experimental setup used for this research work has been addressed in Fakharian et al. () . It contains a hydrate reactor with a volume of approximately 300 cm 3 , a cooling medium circulatory system to control the temperature, a gas cylinder to inject the gas, and a mixer to mix the contents of the hydrate reactor. A 0.5 psi scale pressure transducer (accuracy approximately 0.5%) and a 0.1 K scale thermocouple (accuracy approximately 0.4%) were used to measure the pressures and temperatures. A data collection system was incorporated to record the data during the process and, finally, a separating container was used to drain the condensed concentrated salty water.
Procedure
Factorial design experiments DOE is a systematic method to determine the relationship between factors affecting a process and the output of that process. The principles of statistically designed experiments the type of gas and electrical conductivity of the initial brine solution (EC 0 ), was applied to evaluate their impact on the removal efficiency as a response. The type of gas was investigated on two levels (NG and CO 2 ) and six levels were selected for electrical conductivity of initial brine solution (EC 0 ) according to the compositions of the three samples shown in Table 2 . Six PW samples were synthesized by chemicals mentioned in the section 'Materials'.
The number of experiments conducted was considered as 2 1 × 6 1 runs. Table 3 summarizes the mentioned two factors and their respective levels. Data analysis was performed using Minitab release 14 software.
Experimental section
The experimental conditions are summarized in Table 4 .
The reactor is first pressurized to 110 bars with inert gas (N 2 ) and left for 24 h at 293.2 K to ensure that the pressure remains constant with no leakage. Then, it is depressurized, washed with distilled water and loaded with 100 cm 3 of synthesized PW. The reactor is purged with CO 2 /NG to ensure the absence of any other gases. Afterwards, the system is cooled down to the suitable conditions for hydrate formation. After reaching equilibrium, the reactor is pressurized with CO 2 or NG. Then, the mixer is turned on with the rates given in Table 4 .
To reach CO 2 hydrate formation, after reducing the pressure, the gas cylinder valve is opened up to a constant After hydrate formation, the residual salty water is removed from the reactor and the formed hydrate is rinsed with fresh water to improve salt removal efficiency and, finally, hydrate is dissociated to produce fresh water. After with an accuracy of 0.1 μS/cm. Equation (1) is used to calculate the removal efficiencies for the first, second, and third stages in the primary PW and the desalinated water.
where η is the desalination efficiency and EC 0 and EC are the electrical conductivity of initial and final brine solutions (Karamoddin & Varaminian ) .
RESULTS AND DISCUSSION

Analysis of experimental design
The design matrix of factors with values and the responses (%efficiency) measured in each factorial experiment are shown in Table 5 . The order in which the experiments were made was randomized to avoid systematic errors (Std order column).
Analysis of DOE indicated that the desalting efficiency (η) for the first stage depends on the hydrate-forming gas and the amount of EC 0 . The hydrates formed with CO 2 had higher average desalting efficiency compared to that of NG (η CO 2 > η NG). Figure 1 shows a picture of NG/ CO 2 hydrate crystals formed in the PW (sample 2) at the end of the first stage which confirms the results. The hydrate formed with CO 2 is well packed in contrast to NG hydrate which is spongy. More packed CO 2 hydrate may correspond to the lower quantity of salt entrapped between the crystals and, therefore, the water produced by hydrate dissociation will be more desalinated.
In order to analyze DOE and significance of the main factors and their interactions on the response, analysis of variance (ANOVA) was used. Table 6 shows entrapped between the hydrate crystals and the water produced by hydrate dissociation will be more desalinated.
Only in EC ¼ 114 mS/cm was an increase in efficiency perceived that may be attributed to the presence of xylene as representative organic components in in situ PW. Also, the average desalting efficiency of CO 2 hydrate is higher than that of NG (η CO 2 ¼ %49 > η NG ¼ %43) which can be related to the structure of CO 2 hydrate, which is more packed in comparison with that of NG, as already discussed.
As described in the analysis of the ANOVA table, the interaction between the kind of gas and EC is negligible.
The interaction plot for %efficiency ( Figure 3 ) confirms this result. In fact, when the lines are parallel in the In order to achieve appropriate salt removal efficiency, additional repetitive stages of hydrate formation process are necessary to trap salty water between hydrate crystals. Consequently, the second and third stages were carried out with the desalinated water of the first stage.
As As Table 8 shows, NG/CO 2 hydrates were not formed in the PW samples with EC greater than 173 mS/cm (which is equivalent to TDS of 160,000 mg/L) at operating conditions. In other words, the limit for PW desalination with NG/CO 2 hydrate formation method is EC ¼ 173 mS/cm, which is equivalent to TDS ¼ 160,000 mg/L. Additionally, desalination efficiency increases with increasing the percentage of dissolved salts. When the water salinity increases, the inhibition effect also increases and, consequently, the amount of hydrate decreases. The lower amount of hydrate corresponds to the lower amount of salt entrapped between 
CONCLUSION
This study investigates the effect of gas type and salinity on performance of produced water desalination using gas hydrates. Analysis of the DOE indicated that the desalting efficiency depends on the hydrate-forming gas (CO 2 > NG) and the amount of EC 0 (high EC 0 > low EC 0 ). Moreover, electrical conductivity of water formed by hydrate dissociation was examined in three stages to investigate the removal efficiency. The results showed that the salinity of produced water can be decreased by approximately 86%
and 82% using hydrate formation with CO 2 and NG as guest gases, respectively. In addition, this study illustrated that the CO 2 /NG hydrate formation can be used for desalination of produced waters with up to 160,000 mg/L TDS at the operating conditions of experiments.
